Abstract: Using real-time hard disk recording, we have developed an optical system for the long-duration detection of changes in membrane potential from 1,020 sites with a high temporal resolution. The signal-to-noise ratio was sufficient for analyzing the spreading pattern of excitatory waves in frog atria in a single sweep.
Optical methods for detecting membrane potential using voltage-sensitive dyes have facilitated simultaneous recording from many sites and enabled spatial analysis (for reviews see [1] [2] [3] ). Recently, this technique has become widespread, with the commercial availability of systems with high spatiotemporal-resolution. However, these systems are limited in their capacity for continuous recording. Although these systems might be sufficient for monitoring evoked potential, a longer continuous recording capacity is desired for studies on spontaneous excitation, especially when the focus is on intermittent or irregular signals. The CCD camera enables continuous recording over a long-duration with a high spatial resolution [4] , but the temporal resolution is usually insufficient for detailed analysis. Actually, most of the previous optical studies on spontaneous activities were done with high temporal resolution, but in these studies, either the duration of continuous recording was relatively short [5, 6] , or the number of simultaneous recording sites was limited [7] [8] [9] [10] . Thus, optical recording systems with a long-duration recording capacity and high spatiotemporal-resolution are desired for application to spontaneous signals.
We have previously designed and constructed a system that records signals from 1,020 sites at a temporal resolution of 1 msec, with a continuous recording capacity of 1 s [11] . Here, we describe an improved system which has a capacity to record continuously optical signals for a long period by means of real-time writing to a hard disk. The results have been partly presented in abstract form [12] .
Construction of the system. An overview of the recording system is illustrated in Fig. 1 . This system is designed for measuring changes in light absorption of preparations stained with a voltage-sensitive dye. The constituents up to the analog-to-digital converter (ADC) unit, described in the previous paper [11] , are summarized as follows. Incident light is passed through an interference filter and focused on the preparation mounted on the stage of a microscope. A 34 × 34-element photodiode array is set on a magnified real image. The output from each element is fed into an individual I-V converter, amplified by an independent preamplifier, and multiplexed and converted to a digital signal with a resolution of 18 bits by a custom-designed ADC unit. Finally, digitized data are collected in a fiber optic transmission system (FOTS) and sent to a computer.
A block diagram of the newly constructed elements of the system is given in Fig. 2 . A set of interface boards, each incorporating a VersaModule Eurocard (VME) bus interface board and a pair of memory boards (MBs), has been originally designed. These three boards are directly Fig. 2 . Block diagram of the newly constructed elements of the system. Only the section related to data transfer from FOTS to the hard disk is illustrated. The two portions surrounded by dash-dotted lines are the memory boards (MBs), with and without the FOTS interface and a data counter, respectively. Data flows #1, #2 and #3 represent those from FOTS to SRAM, from SRAM to the pure space, and from the pure space to the hard disk, respectively. Address (Adrs) data are generated in the data counter during a write operation to SRAM, or in the DMA controller during a read operation. Sections other than the interface boards are as described in the FA Computer VME Bus Products Manual.
Fig. 3.
Time chart of data transfer within this system. In the upper two rows, each bold arrow indicates the 2-s time during which 4 Mbytes of data are generated, transferred by FOTS, and written to each MB (corresponds to data flow #1 in Fig.  2 ). In the middle four rows, bold lines indicate the time during which those data are transferred from the MB to the "pure space", by the DMA protocol (data flow #2). In the bottom row, bold lines indicate the time during which data are transferred from the pure space by DMA and are stored on the hard disk via the wide SCSI bus line (data flow #3). From this chart, it is clear that it takes approximately 3.2 s to store 8 Mbytes of data (equivalent to 4 s of raw data acquisition) and that the total recording capacity depends on the physical capacity of the hard disk.
plugged into the VME-bus in a factory automation computer (FA computer) (XVME-655 system, Xycom Inc, Saline, MI, USA). In each MB, installed with 8 Mbytes of SRAM (static random access memory), there are a pair of address lines and a pair of data lines, used independently in write and read operations.
The data are tentatively stored in a "first in first out" (FIFO) buffer, read at a constant rate and written to one of the MBs. After the data space of one MB is filled, the subsequent data are written to another MB while, simultaneously, data read out from the full MB commences through the VME bus, ultimately being transferred to the hard disk. Figure 3 summarizes the data transfer route and its timing chart. Firstly, when MB #1 is filled and the write operation shifts to MB #2, the read operation for the first half of the data (4 Mbytes) in MB #1 begins and the data are transferred to "pure space" (PS) #1 using the direct memory access (DMA) protocol. The word "pure space" is taken from the FA computer software manual (DMA section), and means the address space for the main memory pending directly to the "CPU to PCI bridge" (north bridge) (see also Fig. 2) . Secondly, the remaining half of the data (4 Mbytes) in MB #1 is transferred to PS #2. Simultaneously, the data in PS #1 is sent to a wide SCSI interface using the DMA protocol and stored on the hard disk. Thirdly, after the completion of data transfer from MB #1 to PS #2, the data in PS #2 are sent to the hard disk.
This algorithm allots approximately 3.2 s to transfer all of the data from one MB to the high-speed hard disk, substantially shorter than the 4 sec of raw data actually stored in one MB. Thus, it is possible to directly and continuously store all data on the hard disk in a real-time manner. Data transmission speed strongly depends on the bit width in a data transfer process. The bit width inside the "PCI to VME interface" is 16 bits, so in the data transfer process from MB to PS, transmission speed is relatively slow and timing is critical. But, since this task is a memory-tomemory transfer, no time margin is necessary.
On the other hand, a large time margin is required in the latter processes, despite the use of a 32-bit data transfer width, because data transmission is frequently interrupted by the hard disk controller. It was to secure this time margin and to increase system reliability that PS was placed as a large buffer, even though this complicates the system. Application to the amphibian atria. We applied this system to bullfrog atria and analyzed the conduction pattern of the excitatory wave. All procedures were approved by the "Animal Care and Use Committee" at Shimane Medical University. The preparation was stained with a voltage-sensitive merocyanine-rhodanine dye (NK2761 [13] ). Figure 4A shows excitation-related signals, detectable at most of the 1,020 recording sites. Although the contraction was largely reduced by 2,3-butanedione monoxime (BDM) [14] , optical signals still contained movement artifacts (Fig. 4B) . When the incident light wavelength changed from 700 nm (left) to 620 nm (middle), the isosbestic wavelength for this dye, the early, upward (depolarization) components of the optical signals were eliminated, whereas the subsequent components remained.
From this wavelength dependency, it was suggested that the early component was derived from the membrane potential change while the latter components represented heart beat-related movement artifacts [2-4, 15, 16] . At a higher sweep speed, the onset time of the early component clearly differed (Fig. 4B, right) . Thus, the SN ratio and time resolution were sufficient to analyze the conduction pattern of the excitatory wave in a single sweep using the differences in onset time. Figure 4C illustrates two typical traces over a continuous, long time period; any of the 1,020 traces could be exhibited in this way. We could certainly have found and analyzed abnormal impulse generation if this had been encountered-even only once-during the recording period.
Application of this long-duration recording method to dye-stained preparations, however, was accompanied by a new problem: the baseline shift mainly due to dye bleaching, which would saturate within a few dozens of seconds. To compensate for this saturation, we installed a baseline calculator unit (see Fig. 1 ). This unit itself worked very well, but the baseline-refreshing procedure (duration: 1 s) generated a large amount of noise that we were unsuccessful in removing. Therefore, we reset the baseline as infrequently as possible, i.e., 2 or 3 times per minute, under software control. With this technique, we can now record optical signals over a long time period, with a good SN ratio, without saturation-except for the 1 s noisy period inserted intermittently.
Conclusion and prospect. We have described here a new, simultaneous 1,020-site, optical recording system for continuous, long-duration recording at a temporal resolution of about 1 msec, with a good SN ratio and we evaluated this system by application to bullfrog atria. The differences in the onset times of the upstroke of the action potentials can be measured in a single sweep. Introduction of FOTS electrically isolated this system and made it completely free from computer noise. Using this recording system, we can record continuously for at least 1,000 s, and because this limitation comes from the maximum file size (2 Gbytes) in our QNX operating system, it is not so difficult to extend this limitation up to the capacity of the hard disk. We believe that the present new recording system can be applied to the examination of other tissues, and would be especially useful when analysis of trains of spontaneous excitation is desired.
